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In the present paper we performed the analysis of available data on structural, thermodynamic and
mechanical properties of B6O. Although the compound is known for half a century and has been extensively
studied, many properties of this boron-rich solid remain unknown or doubtful. Semi-empirical analysis of
our experimental and literature data allowed us to choose the best values of main thermodynamic and
mechanical characteristics among previously reported data, to predict the thermoelastic equation of state of
B6O, and dependence of its hardness on non-stoichiometry and temperature.
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Boron and boron-rich compounds are strategic materials for nuclear, superabrasive and
advanced electronic applications [1-4]. Boron suboxide, B6O is a boron-rich solid known already
for half a century [5]. It attracted much attention due to its mechanical [6], structural [7], phononic
[8], etc., properties. However, many properties of B6O remain poorly understood to present time,
similarly to other boron-rich solids with α-B12 structural type (such as pristine α-B12 [9], B4+xC1-x
[10], B13N2 [11,12] and B12X2 phases where X – P, As [8]).
Synthesis
At ambient pressure B6O can be synthesized by the oxidation of boron with boron oxide B2O3
[5] or some metal oxides such as ZnO, MgO, SnO, CdO [13,14] at 1500-1900 K in argon
atmosphere. However, the samples prepared at ambient pressure suffer from remarkable non-
stoichiometry [15].
The procedure of high-pressure synthesis of B6O by interaction of amorphous boron with
B2O3 in a multianvil apparatus was developed by Hubert et al. [16,17]. It has been found that ideal
conditions for the synthesis of B6O crystals of deep red color and icosahedral habit [7] are
4-5.5 GPa and 2000-2100 K. The best stoichiometry (B6Ox with x up to 0.95) has been achieved
under pressures of ~6 GPa. Later it has been shown that the synthesis of the almost stoichiometric
phase is possible already at pressures as low as 1 GPa, when crystalline β-B106 is used as starting
material instead of amorphous boron [18].
2Structural and lattice-vibration properties
Boron suboxide B6O, similarly to α-B12 and B4C, crystallizes in the trigonal syngony, R-3m
space group [19,20]. The values of lattice parameters extrapolated to ideal stoichiometry are
a = 5.399 Å, c = 12.306 Å for hexagonal setting. Lattice parameters are very sensitive to the
O-vacancies (1–x) in the ideal B6O lattice (Fig. 1a,b). Assuming the B6Ox composition,
da/dx = 0.083 Å and dc/dx = -0.117 Å [16].
The Raman spectrum of boron suboxide is rather complicated. When conventional green or
red lasers are used, it cannot be observed due to the strong fluorescence [8,18]. Blue, IR or UV laser
excitation beams should be used to obtain the Raman spectra of B6O (Fig. 1c) [18]. The first order
Raman spectrum contains 11 well-resolved lines of the 12 expected modes 5 A1g + 7 Eg for space
group R-3m. The second order Raman spectrum contains 8 bands that are resolved only in the case
of the 244-nm excitation line [18]. Although the attribution of Raman modes has not been
unambiguously made so far because of the absence of single-crystal data, the principal Raman
features were studied in details [8,18]. All the lines below 600 cm-1 have been attributed to
vibrations with participation of oxygen atoms, while all the lines above, to vibrations involving only
boron atoms in icosahedra (intra- and intericosahedral vibrations). The fine feature just below
500 cm-1 corresponds to the symmetric stretching of the O–O pairs; and the narrow line just above
500 cm-1, to a motion of icosahedral boron atoms about oxygen atoms.
Melting and thermal stability
At ambient pressure B6O decomposes above 2030 K. The products of decomposition have
not been unambiguously identified, and, most probably, contain boron and O2 or gaseous BO [5].
At the same time, at high pressures B6O melts congruently [21]. At 5.8 GPa, the melting of B6O
phase was observed at 2710±40 K, which was accompanied by the appearance of a characteristic
diffuse halo in the X-ray powder diffraction pattern. The cooling of the melt down to 2100 K at a
rate of ~10 K/s was accompanied by the crystallization of B6O, while the fast quenching leads to the
recovery of crystalline boron (β-B106) and B2O3. At 4.3 GPa, B6O melts at temperature of about
2620 K, thus, the melting curve has a positive slope of ~60 K/GPa [21]. The melting curve of B6O
is presented in Fig. 2a.
The phase equilibria with participation of B6O in the B–B2O3 system at 5 GPa has been
determined based on in situ experiments in the recent study by Solozhenko et al. [22], while fitting
the experimental p-T-x data to phenomenological equations describing free enthalpy of solids and
liquid phase allowed to construct the phase diagram of this system (see Fig. 2b). At high pressure
B6O melts congruently, and forms two eutectic equilibria with α-B2O3 and β-B106, respectively. The
boron-rich part of the phase diagram (especially, below melting) has not been unambiguously
studied so far.
3Thermodynamic properties.
The standard enthalpy of formation of B6O can be estimated as ∆fH° = -1244.5 kJ/mol [17].
To present time, only two sets of experimental data on the heat capacity of B6O are known [23], i.e.
one at low temperatures down to 10 K, and another at high temperatures up to 800 K. Here, we have
fitted both sets to Holzapfel’s adaptive pseudo-Debye equation [24], i.e.
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where τ = T/θh; θh is Debye temperature in the high-temperature region; C1, C2 and A are parameters
to be fitted; C3 = 1; a characterizes non-harmonicity and was fixed to 1/8; R is gas constant.
Parameter C0 has been chosen as C0 = (5 θl3)/(π4 θh3), with θl and θh Debye temperatures in the low-
and high-temperature regions, respectively, in order to obtain these values directly as parameters of
fitting. The results of the data fit (Tab. 1, Fig. 3a) give the θ values of the same order of magnitude
as for other boron-rich solids with similar structure (B4C, α–B12). The corresponding normalized
standard values of heat capacity, enthalpy and entropy are also very close. The temperature
dependencies of enthalpy and entropy of B6O are presented in Fig. 3b.
In order to simulate the thermoelastic data, we have used the Anderson-Grüneisen model
[25], i.e.
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Under assumption that δT is constant and taking into account the definition of thermal expansion,
(2) can be easily transformed into
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During fitting procedure, the V(0,T) dependence was suggested to follow equation
V(0,T) = V(0,300 K) [1+a (T-300) +b (T-300)2], (6)
4while the V(p,300 K) dependence has been fixed to the 300-K equation of state of B6O reported in
[26]. In the first approximation [27-29] one may suggest that δT ≈ B′ = 6 [26]. Fitting of all
available experimental p-V-T data (at 0.1 MPa according to Refs. 30,31, at 5.8 GPa using the
experimental points obtained during the study of melting [21], Fig. 3c) to Eq. (5) leads to
a = 1.5⋅10-5 K-1, b = 5⋅10-9 K-2, while V(p,300 K) is defined by Vinet equation of state with
B0 = 180 GPa and B0′ = 6 [26] (V0 = 314.5 Å3).
Mechanical properties.
B6O is a superhard phase, much harder then other boron oxides [32]; and, probably, is the
hardest known oxide [33]. Anyway, the hardness of B6O still remains the subject of discussion. The
reported values of Vickers hardness HV for polycrystalline B6O ceramics may vary from 30 to
45 GPa [6]. Tab. 2 summarizes mechanical properties of B6O in comparison with B4C and hard
high-pressure phase of B2O3 (β-B2O3).
When using the thermodynamic model of hardness [28,29,34,35], the calculated value of HV
for B6O, i.e. 37.3 GPa, is in a very good agreement with the experimental value of HV = 38 GPa [5]
for well-sintered polycrystalline B6O with density close to the crystallographic one. This is the only
experimental value obtained in the load-independent HV region (applied force of 10 N)
recommended for estimation of hardness of superhard materials [36]. The lower value of hardness
for B6O as compared to B4C (HV = 45 GPa for single crystal [37]) may be explained by the higher
ionicity of the B-O bonds as compared to B-C bonds [35]. Thus, the value of HV = 38 GPa seems to
be the most reasonable estimate for the B6O hardness, and well agrees with ab initio simulations of
stress-strain curves for B6O crystal faces (see, for example, paper by Veprek et al. [38]).
For simulation of B6Ox hardness as a function of composition and temperature, we have used
equation [28,35]
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where V = V(x,T) is molar (atomic) volume (cm3 mole-1); N is maximal coordination number1;
α =α(T) is coefficient of relative (as compared to diamond) plasticity; β is coefficient
corresponding to the bond polarity (see below); ε is ratio between the mean number of valent
electrons per atom and the number of bonds with neighboring atoms (N)2; ∆G°at = ∆G°at(x,T) is
standard Gibbs energy of atomization of compound (kJ mole-1) (see [34] for the details).
One can clearly see that even in the case of strong non-stoichiometry (50% of O-places
occupied in the lattice), the material is expected to lose only ~10% of its initial hardness (Fig. 4a).
In the framework of this model [28,34] the bulk modulus should closely follow the similar
dependence (Fig. 4b), according to equation
                                                
1 For some compounds of very complex structure, such as boron-rich solids, we have used a mean/effective value.
2 The use of this coefficient allows one to establish the hardness of the AIBVII (ε = 1/N) and AIIBVI (ε = 2/N)
compounds. In the case of B6O, ε = 1.
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where g is a constant for a given class of compounds [28].
The temperature has much higher impact on hardness (Fig. 4c), but even at ~1600 K the
hardness of B6O should still remain at the level of the WC–10%Co hard alloy (16 ГПа) [39].
Conclusions.
Boron suboxide B6O with stoichiometry close to the ideal one can be synthesized already at
about 1 GPa in the case of oxidation of crystalline boron. At high pressures the compound melts
congruently, and its thermodynamic properties are similar to those of other boron-rich solids with
the structure related to α-B12 phase. Although the mechanical properties of boron suboxide have not
been unambiguously studied so far, the most reasonable hardness value seems to be HV = 38 GPa.
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8Table 1. Normalized‡ thermodynamic data of B6O, other boron-rich solids and α-B2O3
Fitting parameters of Eq (1) for heat capacity
Phases θh, K θl, K C1 C2 A
B6O 1020 1175 -0.0865 1 0.125
B4C 1480
α-B12* ~700 1300
β-B106* 1250 1700
Standard values of thermodynamic functions at 298.15 K
Phase Cp°,J mol-1 K-1
H°-H0°,
kJ mol-1
S°-S0°,
J mol-1 K-1
Φ°,
J mol-1 K-1
B6O 10.24 1.147 5.621 1.774
B4C† 10.62 1.122 5.422 1.658
α-B12* 10.23 1.073 5.142 1.546
β-B106† 11.09 1.222 5.900 1.801
α-B2O3† 12.55 1.860 10.794 4.555
‡ Normalized values correspond to the mole of atoms, not to the mole of formula units. The
molar values of thermodynamic functions can be obtained by multiplying the corresponding
normalized values on the number of atoms in the formula unit (e.g. 7 for B6O).
* Data from Ref. 40
† Data from Ref. 41
9Table 2. Mechanical properties of B6O, B4C and β-B2O3
B6O β-B2O3 B4C
Hardness, HV (GPa) 38 [5]; 40-45§ [6] 16 [32] 45 [37]
Fracture toughness, KIc
(MPa·m1/2) 4.5* [6] 3-4 [42]
Bulk modulus,
B0 (GPa)
181 [26] 170 [26] 199 [43]
B'0 6 [26] 2.5 [26] 1 [43]
Density, ρ (g·cm-3) 2.620 3.111 2.516
§ Overestimated values obtained at low indentation load (1 N).
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Fig. 1. Structural and lattice-vibration properties of B6O: (a & b) lattice parameters of
B6Ox as function of composition x (symbols represent experimental data: ▲ and
▼ – our data, ○ – data from [16], lines are guides to the eye) and (c) Raman
spectrum obtained using the 785-nm excitation light [18].
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from Ref. 23, dashed line - the fit to equation (1)), (b) enthalpy and entropy as
functions of temperature (calculations were performed using fitted Cp values),
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